Emerging antibiotic resistance in the oropharyngeal microbiota, of which Streptococcus salivarius is a prominent species, represents a challenge for treating paediatric populations. In this study, we investigated the role of Streptococcus salivarius as a reservoir for antibiotic resistance genes (ARG) in the oral microbiota by analysing 95 Streptococcus salivarius isolates from 22 healthy infants (2-16 months of age). MICs of penicillin G, amoxicillin, erythromycin, tetracycline, doxycycline and streptomycin were determined. ARG profiles were assessed in a subset of 21 strains by nextgeneration sequencing of genomes, followed by searches of assembled reads against the Comprehensive Antibiotic Resistance Database. Strains resistant to erythromycin, penicillins and tetracyclines were isolated from 83.3, 33.3 and 16.6 %, respectively, of infants aged 2 to 8 months with no prior antibiotic treatment. These percentages were100.0, 66.6 and 50.0 %, by 13 to 16 months of age. ARG or polymorphisms associated with antibiotic resistance were the most prevalent and involved genes for macrolide efflux (mel, mefA/E and macB), ribosomal protection [erm(B), tet(M) and tet(O)] and b-lactamase-like proteins. Phylogenetically related strains showing multidrug-resistant phenotypes harboured multidrug efflux ARG. Polymorphic genes associated with antibiotic resistance to drugs affecting DNA replication, folate synthesis, RNA/protein synthesis and regulators of antibiotic stress responses were detected. These data imply that Streptococcus salivarius strains established during maturation of the oral microbiota harbour a diverse array of functional ARG, even in the absence of antibiotic selective pressures, highlighting a potential role for this species in shaping antibiotic susceptibility profiles of oropharyngeal communities.
INTRODUCTION
Streptococcus salivarius, a major species of the salivarius group of viridans streptococci in humans, is highly abundant in saliva, the oropharyngeal mucosa (Human Microbiome Project Consortium, 2012; Aas et al., 2005; Lemon et al., 2010; Nakajima et al., 2013; Tappuni & Challacombe, 1993) and the small intestine (Van den Bogert et al., 2013) . As a typical pioneer organism of these niches (Nakajima et al., 2013) , the species also has significant ecological influences on the establishment of the microbiota, including beneficial competitive and inhibitory activities on potential pathogens (Ogawa et al., 2011; Wescombe et al., 2006) . Additionally, although generally recognized as a commensal species (Ogawa et al., 2011; Wescombe et al., 2006) , some Streptococcus salivarius strains have been associated with opportunistic systemic infections (Shirokawa et al., 2014; Wilson et al., 2012) .
There is evidence of horizontal genetic exchange between Streptococcus salivarius and other streptococcal species, suggesting that Streptococcus salivarius might play a role in dissemination of ARG in the oropharynx and in evolution of genes encoding antibiotic targets, e.g. penicillin-binding proteins (Delorme et al., 2007; Hannan et al., 2010; Hakenbeck et al., 2012) . However, reduced prevalence rates of antibiotic resistance phenotypes (Nakajima et al., 2013) in Streptococcus salivarius strains compared to other viridans species of the oropharynx were reported. Despite the high abundance of Streptococcus salivarius in the oropharynx, few studies address antibiotic resistance phenotypic and genotypic profiles in the species (Nakajima et al., 2013; Chaffanel et al., 2015) . The aims of this study were to determine the frequencies of resistance to different classes of antibiotics within strains isolated from the oral cavity of healthy infants and to screen for ARG or gene polymorphisms potentially associated with the resistance phenotypes identified.
METHODS
Subjects, sample collection and strain isolation. A total of 22 systemically and orally healthy infants (aged 2-16 months; mean, 9.5 ±4.6 months) were enrolled in this study. The children attended the Preventive Program in Oral Health of the Cepae -Research and Dental Care Center for Special Needs Patients of the Piracicaba Dental School of the State University of Campinas, SP, Brazil. Infants did not receive antibiotic treatment during the 3 months preceding the collection of oral samples. The oral samples were collected using a protocol previously approved by the ethics committee of the Piracicaba Dental School of the State University of Campinas (protocol 055/2010). Briefly, oral samples were collected with sterile swabs from the oral mucosa (gingival crevices, cheeks, palate and tongue dorsum) and transferred to ice-cold peptone water (1 ml). Serial dilutions were plated on brain-heart infusion (BHI) agar supplemented with 5 % sheep defibrinated blood and on mitis-salivarius agar (MSA; Difco). After incubation (37 C; 10 % CO 2 , 48 h), total counts of streptococci were determined on MSA plates, and 2 to 13 colonies with typical Streptococcus salivarius morphology were isolated on fresh MSA and colonies were stored in skimmed milk (Difco) at À70 C. Pure cultures were analysed by Gram staining and cultivation on BHI agar.
Taxonomic identification. Speciation of the isolates was determined using a classification system based on amplicon size of a non-conserved region of the D-alanine : D-alanine ligase (ddl) gene (Garnier et al., 1997) and on partial sequencing of the 16S rRNA gene in strains not yielding ddl amplicons. Briefly, PCR with primers to an internal region of ddl (Table 1) (Weisburg et al., 1991) was performed with samples of genomic DNA purified using a phenol-chloroform protocol (Stipp et al., 2013) . Amplicons of 331 bp were typical for Streptococcus salivarius species. Genomic DNA from strains Streptococcus salivarius NCTC 8618, Streptococcus mitis NCTC 12261, Streptococcus oralis ATCC 10557, Streptococcus gordonii Challis and Streptococcus sanguinis SK36 was used as controls. For 16S rRNA gene sequencing, PCR products obtained with universal primers (Table 1) were sequenced using a 3500 Genetic Analyzer 8 capillary sequencer (Applied Biosystems Hitachi). Edited sequences (BioEdit 7.2.5; http://www.mbio.ncsu.edu/) were subjected to BLAST analysis, and sequence similarities of at least 99 % with Streptococcus salivarius reference strains available in GenBank (CCHS S3, 57.I, NCTC 8618, CCRI 17344 and ATCC 25975) indicated species identity. (CLSI, 2015, 6th edn) . Antibiotics were purchased from Sigma and prepared as recommended by the manufacturer. For inoculum preparation, strains were grown in MSA (37 C, 10 % CO 2 , 24 h), and five colonies were transferred to BHI (4 ml) for incubation (37 C, 10 % CO 2 , 24 h). The absorbance of cultures was adjusted to A 550 nm 0.05 with fresh medium, and 100 µl of each sample was transferred to wells of 96-well plates containing 100 µl medium with or without antibiotic, i.e. penicillin G, amoxicillin (0.016-8.0 µg ml À1 ), doxycycline, tetracycline (0.12-128.00 µg ml À1 ), erythromycin (0.016-8.0 µg ml À1 ) or streptomycin (7.8-8 000 µg ml À1 ) (Walker et al., 2000; Hanslik et al., 2003; Bancescu et al., 2004) . Ninety-six-well plates were incubated (37 C, 10 % CO 2 , 24 h), and strains were classified with respect to antibiotic susceptibility as sensitive, intermediate or resistant, according to the CLSI (2015), except for streptomycin (Horodniceanu et al., 1982) (Table 2 ). As controls of microbial growth, strains were inoculated in medium without antibiotic. For determination of MBCs, wells with no visible growth were homogenized, and 25 µl was transferred in triplicate to plates with fresh BHI agar without antibiotic and incubated (37 C, 10 % CO 2 , 48 h) to assess the presence of viable cells. Streptococcus salivarius strain NCTC 8618 was used as a positive control in all experiments and uninoculated medium as a negative control.
Whole-genome sequencing. A subset of 21 Streptococcus salivarius strains showing resistance to two or three tested drugs isolated from eight infants between 2 and 15 months of age was selected for screening of antibiotic resistance genes. Genomic DNA from these strains was purified by phenol-chloroform as described elsewhere (Stipp et al., 2013) . DNA samples were then prepared according to the NextEra XT Sample Preparation Guide (2012) for sequencing with an Illumina MiSeq system (The Forsyth Institute) using a 250-nucleotide paired-end read protocol. Bowtie 2 was used to align the quality-filtered reads to the genomes of the Streptococcus salivarius strains 57.I, JIM8777 and CCHS S3 (Langmead & Salzberg, 2012) , confirming species identity. The paired-end reads were de novo assembled using Velvet (version 1.2.10) (Zerbino & Birney, 2008) . The k-mer parameter was configured in order to maximize the N50 value, and the minimum contig length was 1000 bp. The ORFs of each strain were identified using Glimmer (version 3.0.2) (Delcher et al., 2007) allowing only ORFs coding for !35 aa. The ORFs were aligned against the Comprehensive Antibiotic Resistance Database (CARD) (McArthur et al., 2013) (http://arpcard.mcmaster.ca) using BLASTP (Altschul et al., 1997 ) (e-value cutoff of 1eÀ5). A custom PERL script was used to identify ORFs with at least 60 % similarity and 60 % coverage in the ARG database. The functional classification of predicted proteins was determined using comprehensive databases UniProt (http://www.uniprot.org/uniprot/) and InterPro: protein sequence analysis and classification (InterPro http://www.ebi.ac.uk/interpro/entry/ IPR004383).
Phylogenetic analyses using whole-genome sequences of the 21 strains were performed using the co-phylog tool (Yi & Jin, 2013) . The resulting matrix of pairwise distances was used as input for the PHYLIP program 'neighbour' version 3.696 [kindly provided by Dr J. Felsenstein (Department of Genome Sciences, University of Washington, Seattle, WA, USA] to calculate a neighbour-joining tree based on the method of Saitou & Nei (1987) . The phylogenetic tree was visualized using PHYLIP's 'drawgram' program. To further validate genomic analysis, a subset of genes, mel, mefA/E, tet(O), and tet(M), previously characterized in viridans streptococci, including Streptococcus salivarius (Chaffanel et al., 2015) , was investigated by PCR with specific primers (Table 1) .
RESULTS

Phenotypic analysis of Streptococcus salivarius isolates indicates early carriage of antibioticresistant strains
A large proportion of infants harboured strains with resistance phenotypes to erythromycin (n=20; 90.9 %), including those who were 2 to 8 months of age (n=5; 83.3 %). High frequencies of infants carrying strains with intermediate resistance to penicillin G (n=11, 50.0 %) and amoxicillin (n=16, 72.7 %) were also observed, although lower percentages of infants harboured strains with resistance phenotypes to these drugs (22.7 and 13.6 %, respectively). Two infants who were 2 to 8 months of age (33.3 %) harboured strains resistant to penicillin G. Carriage of strains showing tetracycline/doxycycline-resistant phenotypes was also observed (n=6, 27.3 %, and n=5, 22.7 %, for the respective drugs). Only two infants carried strains with intermediate resistance to streptomycin, and none carried streptomycinresistant strains.
Among the 95 tested isolates, 75 strains (78.9 %) showed resistance to at least one antibiotic, and 27 (28.4 %) showed resistance to two or more classes of antibiotics. Antibiotic susceptibility profiles of the strains are shown in Table 3 . A high frequency of macrolide (erythromycin)-resistant phenotypes was observed in these strains (Table 3) . Among the 68 erythromycin-resistant phenotype strains, 13 also showed resistance to tetracycline/doxycycline. Resistance phenotypes for tetracycline and b-lactam antibiotics were observed in 20 and 14.8 % of the strains, respectively. Because an average of approximately four isolates per infant was analysed (range, 1-13 isolates), variability in antibiotic resistance phenotypes within isolates from the same subject was assessed. Percentages of infants harbouring isolates with different profiles of antibiotic resistance to penicillin G, amoxicillin, tetracycline, doxycycline and erythromycin were 40.9, 63.6, 36.4, 27.3 and 54.5 %, respectively, indicating phenotypic diversity within these initial Streptococcus salivarius colonizers.
Next-generation sequencing analysis reveals that ARG are highly prevalent in Streptococcus salivarius genomes Data from this Whole Genome Shotgun project have been deposited at the DDBJ/ENA/GenBank under the accession numbers provided in this report. The co-phylog tree of the 21 sequenced strains and their respective phenotypic antibiotic resistance profiles is shown in Fig. 1 . Although strains S5, S4 and S6 of infant 22 were identified as Streptococcus salivarius based on the PCR-based classification system, the whole-genome sequences of these strains are 98.8 % identical by average nucleotide identity to the type genome of Streptococcus vestibularis, with 92.4 % to 98.8 % coverage of the genomes (GenBank, NCBI). As expected, phylogenetic clustering was prominent among strains isolated from the same infant. Phylogenetic clustering also tended to be associated with phenotypic profiles of antibiotic resistance (Fig. 1) .
A total of 17 ARG were identified in the 21 strains (Table 4) . These include nine genes directly associated with antibiotic-specific resistance phenotypes. A large proportion of strains showed genes encoding putative blactamases, not found in the reference strains, except for K12 (Table 4) . These include the orthologue of metallo-blactamase of Staphylococcus aureus (USA300HOU_0022) and a serine b-lactamase found in Streptococcus pneumoniae strain Taiwan 19-F14 (spt_0826). In addition, searches against the CARD indicated single-nucleotide polymorphisms in penicillin-binding proteins potentially involved in reduced affinity to penicillin (pbp1a, pbp1b and pbp2b). Among the seven strains showing resistance to b-lactams and erythromycin, six harbour genes encoding macrolide ABC transporter permeases (macB), also present in the reference strain 57.1. Besides MacB-encoding genes, more than two-thirds of the erythromycin-resistant phenotype strains carried genes of the genetic element MEGA (for macrolide efflux genetic assembly), which include mel (also called msr), an orthologue of an ABC transporter characterized in Streptococcus pneumoniae (strain 19_F-14) , and mefA/E encoding a macrolide efflux protein (Del Grosso et al., 2002) . Only one strain harbouring MEGA (S14) also carried catQ, which encodes a chloramphenicol O-acetyltransferase. Two erythromycin-resistant strains also carried erm(B) which encodes a rRNA methylase involved in ribosomal protection from macrolides, lincosamides and streptogramins (Roberts, 2011) . Tetracyclineresistant phenotypes were also associated with the presence of tet(M) and/or tet(O), which encode ribosomal protecting proteins. BLAST analyses of the genomes of the 21 strains revealed that tet(M) is associated with genes of Tn916 transposons (int and xis) in the 10 tet(M)-positive strains, but not in tet(M)-negative strains. tet(O) is associated with mefA genes in phage Fm46.1 of Streptococcus pyogenes . However, the tet(O)-positive strains do not harbour mefA or other Fm46.1 sequences, as revealed by BLAST analysis of the capsidencoding gene of Fm46.1 (EMBL database under accession no. FM864213; ORF40) against the genomes of the studied strains. All 12 strains showing resistance to doxycycline were also resistant to tetracycline.
Another nine genes encoded proteins for multidrug efflux pumps or for resistance to other antimicrobials (Table 4) . These include SAV1866, which encodes a multidrug ATP-dependent transporter, found in four phylogenetically related strains (S3 and S18; S22 and S23) (Fig. 1) . Strains S22 and S23 also harboured other multidrug ABC transporters (mdlA and msbA), vgaD, but not mdtG encoding the major facilitator superfamily multidrug efflux pump, found in 57.1 % of the sequenced strains (Table 4) . Most of the strains harbouring genes for multidrug resistance showed resistance to at least two classes of drugs analysed (Table 4) . Finally, gene polymorphisms associated with resistance to streptomycin (rpsL), fluoroquinolones (dnaA, gyrA, gyrB, parC and parE), rifampin (rpoB and rpoC), daptomycin (pgsA), kirromycin-like antibiotics (tufA) and sulfonamides (folP) were also detected (data not shown).
DISCUSSION
Viridans streptococci are considered potential reservoirs of ARG for the oropharyngeal microbiota (Cerd a Zolezzi et al., 2004) , a complex bacterial community containing important bacterial pathogens, e.g. Streptococcus pyogenes and Streptococcus pneumoniae (Lemon et al., 2010) . However, profiles of antibiotic susceptibility within this complex group seem to be species specific (Teng et al., 1998; Malhotra-Kumar et al., 2004; Bryskier, 2002; Doern & Burnham, 2010; Nakajima et al., 2013) and may, in part, be associated with host range specificities of mobile genetic elements containing ARG (Hannan et al., 2010; Baquero et al., 2013; Giovanetti et al., 2014) . Clustering observed in some strains of Streptococcus salivarius isolated at different host sites (oral cavity vs faeces) suggests horizontal gene transfer between Streptococcus salivarius and specific organisms within the niche (Chaffanel et al., 2015) . However, studies that analyse antibiotic susceptibility profiles of viridans streptococci include a limited number of Streptococcus salivarius strains (Sepp€ al€ a et al., 2003; Brenciani et al., 2014; Brenciani et al., 2014) . Therefore, to understand evolution of antibiotic-resistant communities of the human oropharynx, it is important to determine the phenotypic and genotypic profiles of antibiotic resistance in isolates of Streptococcus salivarius at this site. In this study, we established that Streptococcus salivarius strains that initially colonize the oral cavity of healthy infants frequently express resistance phenotypes to multiple antibiotics. Although the frequencies of antibiotic resistance phenotypes in viridans streptococci seem to be higher in paediatric compared to adult populations due to recurrent episodes of antibiotic treatment in the former group (Doern & Burnham, 2010; Ready et al., 2004) , we found that strains isolated from infants with no history of antibiotic treatments showed resistance phenotypes to different classes of antibiotics. These isolates likely represent the most abundant clones encountered in the adult caregivers who were the potential transmitters of these organisms. Previous phenotypic typing of Streptococcus salivarius strains indicated mother-child transmission and early acquisition of multiple lineages (Tagg et al., 1983) . Therefore, the studied strains likely reflect profiles of antibiotic resistance of strains that colonize mothers or other transmitters. This notion is compatible with findings that gut microbial profiles of infants who received broad-spectrum antibiotic therapy were similar to those of infants born from mothers who received similar antibiotic treatments before delivery (Tanaka et al., 2009) and, thus, apparently transmitted strains expressing antibiotic resistance phenotypes to their newborn infants.
The frequencies of erythromycin-(71.6 %) and tetracycline-resistant phenotypes (20 %) observed within the 95 strains analysed were similar to the frequencies of erythromycin-and tetracycline-resistant phenotypes observed in 20 Streptococcus salivarius isolates from saliva of French children aged 15 to 33 months (75 and 20 %, respectively) (Chaffanel et al., 2015) . Furthermore, in the present study, a large rate of intermediate resistance to b-lactam antibiotics was observed (Table 3) . Although there are no recent reports on Streptococcus salivarius susceptibility to b-lactams, MIC 50 and MIC 90 doses of penicillin G observed in the tested strains (Table 3) were about two-to fourfold greater than those observed in previous studies (Doern et al., 1996; Potgieter et al., 1992; Teng et al., 1998) , which suggests decreasing susceptibility to penicillin G within this species over time.
Using a genome sequencing strategy, we identified the most prominent genes associated with resistance to the drugs tested and extended the panel of Streptococcus salivarius species ARG previously identified by PCR-based methods (Chaffanel et al., 2015; Dowson et al., 1993) . Most of the identified antibiotic-specific ARG were highly prevalent even among phenotypically susceptible strains (Table 4) , reflecting the complex associations between gene acquisition and the expression of resistant phenotypes (Suzuki et al., , 2015 Andersson & Hughes, 2011) . Importantly, a large proportion of the known and novel ARG are absent in the genomes of one to all reference strains (JIM8777, CCHS S3, 57.l and K12; Table 4 ), indicating clonal specificities. The frequencies of a set of genes investigated in PCRbased studies of Streptococcus salivarius strains were similar to those observed in this study, confirming the efficiency of our genome sequencing method. This is the case for genes for erythromycin resistance, including genes of the MEGA element and erm(B) (Chaffanel et al., 2015) . In addition, we detected further genes for macrolide resistance, including genes encoding MacB-like ABC transporters homologous to spt_1414 and spt_1593 of Streptococcus pneumoniae Taiwan 19 F-14 (Table 4) . Although MacB was characterized in Gram-negative species (Kobayashi et al., 2001; Li & Nikaido, 2004) , MacB-like proteins of Gram-positive species remain to be investigated.
Genes associated with resistance to tetracyclines in the studied strains [tet(M) and tet(O)] were previously identified in viridans streptococci . The most prevalent, tet(M), was associated with the Tn916 family of conjugative transposons . Streptococcus salivarius seems to be a recipient species of Tn916 transposons containing tet(M) from Veillonella dispar, another abundant member of the oral microbiota (Hannan et al., 2010) . tet(M) is also abundant in the gut microbiota of breastfed infants (Gueimonde et al., 2006) and is associated with erm(B) in Tn916 family elements of Streptococcus pneumoniae and Streptococcus pyogenes (Brenciani et al., 2007; Cochetti et al., 2007) . Two tet(M)-positive strains further harboured erm(B). Besides tet(M), three strains harboured tet(O), a gene associated with mefA on bacteriophage Fm46.1 of Streptococcus pyogenes. However, Streptococcus salivarius is shown to be not infected by Fm46.1 , and consistently, we could identify neither Fm46.1 capsid gene nor mefA in the studied strains. Therefore, our profile results suggest horizontal gene transfer between Streptococcus salivarius and different species of the oropharynx, highlighting the need to investigate the transfer of mobile genetic elements in the studied strains.
Resistance to b-lactams was associated with genes orthologous to class B and class A b-lactamases (detected in 88.8 and 22.2 % of resistant strains, respectively) ( Table 4 ). The class A b-lactamase was found in Streptococcus pneumoniae Taiwan 19 F-14 (spt_0826), but neither of the Streptococcus salivarius reference strains, except K12, harbours b-lactamase-encoding genes. Although streptococci are classically considered as non-producers of b-lactamases (Livermore, 1995) , previously unrecognized b-lactamases were recently characterized in several Gram-positive organisms (Toth et al., 2016) . Of note, our search against the CARD indicated polymorphisms associated with low affinity to penicillin in genes encoding four penicillin-binding proteins (pbp1a, pbp1b, pbp2b and pbp2x). These genes are common in Streptococcus pneumoniae strains (Hakenbeck et al., 2012) and apparently originated from homologous recombinations with pbp genes of viridans streptococci, including Streptococcus mitis, Streptococcus oralis and Streptococcus sanguinis (Dowson et al., 1993; Sibold et al., 1994) . Finally, genes encoding multidrug efflux pumps, e.g. SAV1866, lmrC and msbA, were predominantly found in lineages showing phenotypic resistance to two or more classes of drugs tested (Table 4) . Therefore, the role of Streptococcus salivarius as a source of these important ARG warrants further investigation (Piddock, 2006) .
In summary, this study establishes high rates of antibiotic resistance phenotypes associated with a wide panel of ARG in Streptococcus salivarius strains, pioneer colonizers of the oral cavity of healthy infants, supporting a role for Streptococcus salivarius in contributing to antibiotic resistance profiles of the oropharyngeal microbiota in the paediatric populations.
